The heat shock protein HspQ (YccV) of Escherichia coli has been proposed to participate in the retardation of replication initiation in cells with the dnaA508 allele. In this study, we have determined the 2.5-A-resolution X-ray structure of the trimer of HspQ, which is also the first structure of a member of the YccV superfamily. The acidic character of the HspQ trimer suggests an interaction surface with basic proteins. From these results, we discuss the cellular function of HspQ, including its relationship with the DnaA508 protein.
(amino acids 1-86) is involved in DnaB helicase loading [12] [13] [14] . Domain II (amino acids 87-134) is a flexible loop region [12] . Domain III (amino acids 135-373) contains ATP-binding/hydrolysis modules that belong to the AAA+ ATPase family [15] [16] [17] [18] [19] [20] . The C-terminal domain IV (amino acids 374-467) bears DNA-binding activity [21] [22] [23] .
The DnaA protein is found in all eubacteria analyzed to date. The name of this protein was derived from the fact that dnaA was the first mutant related to DNA replication to be isolated. Moreover, mutants from this series were the first temperature-sensitive mutants recognized in bacteria, and these mutants were established as conditional lethal mutations for the investigation of cellular function [24, 25] . For instance, the dnaA508 allele encodes P28L and T80I substitutions, and confers a temperature-sensitive phenotype [26, 27] . Interestingly, a study demonstrated that the temperature-sensitive dnaA508 allele was subjected to considerable decrease of mutant DnaA protein at 42°C in vivo, which was the result of the extensive expression of a heat shock protein referred to as HspQ (YccV); those results suggested that HspQ might be a novel protease or molecular chaperone involved in protein degradation [28] . HspQ is a conserved domain in the YccV superfamily of eukaryotic proteins [29, 30] . However, not reports so far have evaluated the protease activity of HspQ. Recently, Puri and Karzai [31] have demonstrated that HspQ is one of substrates of AAA+ Lon protease and the degradation of YmoA, a substrate of Lon protease, was enhanced by the allosteric effect of HspQ on Lon protease. From these observations, it was suggested that HspQ has a pivotal role on a heat shock system in E. coli.
Here, we focused on the structure of HspQ, a novel heat shock protein in E. coli [28] and determined the crystal structure of HspQ trimer at a resolution of 2.5
A. The HspQ trimer revealed an acidic surface suitable to interact with basic proteins. Based on these results, we discuss the function of HspQ as a heat shock protein in E. coli.
Materials and methods

Preparation of the protein HspQ
The hspQ gene was amplified by PCR from E. coli genome cDNA. The amplified DNA fragment was ligated into the vector pET-22b(+) (Novagen, Darmstadt, Germany), and introduced into E. coli BL21(DE3). The BL21 cells were grown at 37°C in LB or LeMaster medium supplemented with sereno-L-methionine (Wako, Tokyo, Japan) to a cell density corresponding to absorbance at 600 nm = 0.5. Protein expression was induced by the addition of IPTG to 1.0 mM, and the culture was allowed to continue for 5 h at 37°C. The cells suspended in lysis buffer [50 
Crystallization and data collection
The purified selenomethionyl HspQ were concentrated up to 10 mg proteinÁmL
À1
, and crystals were obtained by the hanging drop method. The crystals of HspQ labeled with selenomethionine were obtained in 100 mM HEPES/NaOH buffer pH 7.5 containing 1.4 M ammonium sulfate, 4% (w/v) PEG400 and 150 mM MgCl 2 , and belong to the Rombohedral space group H32, with unit cell constants of a = 76.822 A, b = 76.822
A, c = 85.888 A, a = b = 90°, c = 120°. One molecule (105 amino acids) was found in the asymmetric unit (V m = 2.06 A 3 ÁDa À1 [32], V solv = 40.6%). Se-MAD datasets were collected on beamline BL40B at SPring-8 in Harima using a Quantum4R CCD detector (ADSC, Poway, CA, USA). Three wavelengths were selected for the data collection based on the fluorescence spectrum for the Se K edge, corresponding to the maximum f″ (0.9792 A, peak), minimum f 0 (0.9794 A, edge), and low energy reference point (0.9851 A, low_remote). All datasets were collected at 100 K after crystals were soaked in mother liquor supplemented with 20% xylitol. The data were processed and scaled using the DENZO and SCALEPACK programs [33] . The statistics of data collection and processing are shown in Table 1 .
Structure determination and refinement
The structure of HspQ was determined using the multiwavelength anomalous dispersion (MAD) method. The two Se sites were located using the program SOLVE [34] at 2.5 A resolution. The figure-of-merit after phase extension was 0.68. The electron density of the initial phases was further improved using the program RESOLVE [35] . The initial model was built using program O [36] based on the results of auto model building programs using both RESOLVE [37] and ARP/WARP [38] . The preliminary model was then refined to 2.5 A using program CNS [39] and PHENIX.REFINE [40] , with 10% of the data randomly selected for cross validation. The final structure of HspQ, which comprises 77 residues and six water molecules, was refined to an R free factor of 26.6% and an R factor of 22.3% with a rmsd of 0.007 A in bond length and 0.83°in bond angles. 
Monitoring of protein aggregation
After addition of 50 lL of 50 lM HspQ, 500 lL of each protein [1 mgÁmL À1 of native hen egg white lysozyme (HEWL) and OVA] was incubated for 30 min at 42°C in 50 mM HEPES/NaOH buffer (pH 7.5) or acetate buffer (pH 5.5) with and without 150 mM NaCl. The turbidity of the samples was monitored at 600 nm. Values in parentheses correspond to the highest resolution shell.
Transformation efficiency
The transformation efficiency assays were performed according to previous methodologies with a minor modification [28] . The vectors bearing HspQ mutants were prepared by the quick-change or mega-primer method using pNKN255, which the pBR322 vector bear heat shock promoter and hspq gene. The vectors were transformed into NKN1 cell (KH5402-1, dnaA508 tna::Tn10). The transformed cells were grown 24 h at 30°C on LB agar plate containing 100 lgÁmL À1 ampicillin and the formed colonies were counted.
NMR experiments
15
N labeled mouse lysozyme were prepared according to a previous study [41] . NMR samples were prepared to contain 0.1 mM protein concentration in 50 mM HEPES/ NaOH buffer (pH 7.5) and 150 mM NaCl in 90% H 2 O/ 10% D 2 O. To prepare a sample containing 0.1 mM HspQ, 2 mM HspQ was added to the sample solution. NMR experiments were performed at 25°C using a Varian Inova 600 MHz spectrometer (Varian, Palo Alto, CA, USA).
Preparation and pronase degradation of the N-terminal domain of DnaA
The DnaA N-terminal domain (residues 1-128) was overexpressed from E. coli and purified according to the previous paper [12] . In brief, the expressed protein was purified by cation-exchange, anion-exchange, and gel chromatography and then stored in 50 mM sodium phosphate buffer (pH 6.5) containing 40 mM KCl and 10% sucrose. To perform NMR experiments, 15 N labeled DnaA N-terminal domain was prepared to contain 0.1 mM protein concentration in the 50 mM sodium phosphate buffer (pH 6.5) in 90% H 2 O/ 10% D 2 O according to the previous paper [12] . In the absence or presence of 0.1 mM HspQ, NMR experiments were performed at 25°C using a Varian Inova 600 MHz spectrometer. The P28L substituted DnaA N-terminal domain mutant was prepared by the mega-primer method.
The mutant was also overexpressed in E. coli and purified by the same method employed for the N-terminal domain of DnaA. Purified proteins (50 lM) were dissolved in phosphate buffer [20 mM KH 2 PO 4 (pH 7.0), containing 10% sucrose and 50 mM NaCl] and followed by treatment with 0.04 mgÁmL À1 pronase (Wako). The mixtures were incubated at 37°C at different incubation times and then were analyzed by 15% SDS/PAGE staining by CBB.
CD spectral analysis
Purified proteins (10 lM) were dissolved in the appropriate buffer [HspQ in 50 mM HEPES/NaOH (pH 7.0), and N-terminal domain of DnaA in 5 mM Tris/HCl (pH 8.0), containing 1 mM EDTA, 10% sucrose, 40 mM KCl and 2 mM DTT]. CD spectra were recorded at the indicated temperature using quartz cells of 1 mm optical path length with a CD spectropolarimeter JASCO J-720W (JASCO, Tokyo, Japan).
Results
Overall structure of the HspQ monomer
The crystal structure of full-length HspQ from E. coli (105 residues) was solved by multiwavelength anomalous dispersion method using selenomethionine-labeled protein.
The structure was refined to a resolution of 2.5 A with adequate bond geometry and crystallographic quality statistics ( Table 1 ). The Ramachandran plot produced by MOLPROBITY [42] revealed that of the 77 residues modeled, 93.2% were in the most favored regions, and 6.8% were in additionally allowed regions.
The crystal structure shows that monomeric HspQ is a globular protein with a barrel-like fold flanked by an a-helix in the C-terminal region (Fig. 1) . Five bstrands (b1, b2, b3, b4, and b5) form a highly bent, antiparallel-sheet stabilized by a hydrophobic core, and in which strands 1-4 are connected by three loops. Residues A70-Q73 adopt a 3 10 -conformation interspersed between b-strands 4 and 5. No electron density was observed for Loop2 (residues 30-46), which was designated as a distal loop.
HspQ exhibits a trimeric conformation
As shown in Fig. 2A , the protein-protein interactions between units of HspQ together with the three-fold symmetry in the crystal structure clearly suggest that the protein forms a stable trimer. The Met56, Leu62, and Val64 residues near the b3 and b4 strands in each subunit were in close contact due to hydrophobic interactions (shown in Fig. 2B ). In addition, aromatic residues Trp51 and Tyr 67 of the b strands were in contact with residue Leu90 belonging to the a helix of a neighbor protein chain. The high degree of hydrophobicity on the surface was concealed in the cleft of the trimer (Fig. 2B) . Upon trimerization, each subunit of HspQ buries 1097 A 2 of surface area. In order to investigate if the trimeric conformation observed in the crystal structure is also relevant in solution, we performed size exclusion chromatography. HspQ was eluted at the position corresponding to the molecular weight of~30 kDa consistent with the trimeric conformation predicted in the crystal structure (Fig. 2C) . Moreover, residue Trp 51 which is the single tryptophan present in HspQ displays a characteristic fluorescence maximum wavelength of 330 nm when the excitation wavelength was 280 nm (data not shown), indicating that this residue is not exposed to the solvent. This would not have been possible if the protein was monomeric because this residue is facing the solvent in the hypothetical monomeric state. Collectively, these data demonstrate that the trimer is the favored conformation in solution and likely relevant structure from a biological point of view.
Homology search of HspQ
Recent bioinformatics studies have revealed that HspQ is conserved as a domain in the YccV superfamily of proteins of eukaryotic cells. Figure 3A shows the primary sequence alignment among E. coli's HspQ, and plant and human YccV domains [29, 30] . Several amino acids, in particular in the region with secondary structure, are well conserved. It is thus suggested that the overall fold of HspQ is conserved among members of the YccV superfamily.
Furthermore, a structural homology search using the DALI [43] database showed that the crystal structure of monomeric HspQ was similar to that of domain III of the protein NusG from Aquifex aeolicus (PDB entry code 1M1G, Z-score = 7.4 [44] ), dihydrofolate reductase from E. coli (PDB entry code 1VIE, Z-score = 6.8 [45] ), domain III of NusG from Thermus thermophilus (PDB entry code 1NZ9, Zscore = 6.2 [46] ), the hypothetical protein Yfhh from Bacillus subtilis (PDB entry code 1SF9, Z-score = 6.1), and the tudor domain of the human survival of motor neurons protein (PDB entry code 1G5V, Z-score = 5.6 [47] ). All these proteins are included in the Src homology 3 (SH3)-like barrel fold in the SCOP database [48] . However, structural homologous proteins did not exhibit trimeric conformation like that of HspQ protein, representing a novel feature of this protein. The canonical SH3 domain does not include a C-terminal helix, but, in contrast, displays polyproline peptide-binding ability [49, 50] . When SH3 and HspQ are superimposed, it is evident that the Fig. 3 . Homology of HspQ. (A) Primary sequence alignment among HspQ in Escherichia coli and YccV-like domains in human F-BOX21 and in Arabidosis ClpF. Consensus sequences derived from 1064 YccV-like domains in SMART server (http://smart.embl.de) are also shown. The residues conserved more than 80% in YccV-like domains are colored in red. Similar residues indicate with the following symbols: a, aromatic residues; c, charged residues; h, hydrophobic residues; l, aliphatic residues; p, polar residues; s, small residues; +, positively charged residues; À, negatively charged residues. Structural similarity of (B) HspQ with neighbor monomer a-helix (red) in the trimer structure and (C) SH3 domain interacting with a polyproline peptide (blue) (PDBID: 1W70), which is represented by a ribbon model. polyproline-binding site of SH3 and the interaction surface of HspQ with the helix of the neighboring subunit in the trimer are similar (Fig. 3B,C) , suggesting that the protein-protein interaction site in the SH3 domain and in HspQ is conserved.
Promotion of basic protein aggregation by HspQ
The HspQ trimer structure revealed a highly acidic molecular surface (Fig. 4A) , in addition to several acidic residues presented in the distal loop but that could not be modeled. During the course of our research, we noticed visible white aggregates when HspQ was mixed with a solution containing native HEWL, a typical basic protein (pI = 9.3). To evaluate the kinetics and extent of aggregation, we monitored OD at 600 nm, indicative of the turbidity of the solution (Fig. 4B) . The turbidity of a solution of native HEWL increased immediately after addition of HspQ. Furthermore, we examined the formation of aggregation under various conditions (Fig. 4C) . The aggregation was also evident at pH 5, where HEWL has an overall positive charge, but did not occur neither in the presence of native OVA (a representative acidic protein), nor with native HEWL in the presence of 150 mM NaCl. Additionally, we confirmed that the aggregates composed by native HEWL and HspQ disappeared upon addition of 150 mM NaCl (data not shown). These data suggested that the aggregation between HEWL and HspQ was reversibly and driven by electrostatic interaction between positively charged (basic) HEWL and negatively changed (acidic) HspQ.
Functional residues of HspQ in vivo
The transformation efficiency of the cell with dnaA508 allele was impaired by introduction of the pNKN255 vector, which is a pBR322 derivative bearing the wildtype hspQ gene and its promoter, suggesting that the functional HspQ expression decreased the cell viability [28] . Therefore, we examined the functional residues in HspQ using an in vivo assay. For the transformation efficiency experiment, we prepared the pNKN255 vector bearing the mutated hspQ gene; residues Asp25, Asp27, His53, His65 and Tyr67 lining the hydrophobic cleft and residue Trp51 in the monomer-monomer interface were independently substituted to Ala (Fig. 5A ). In addition, the residue Glu80 located far from the cleft was also substituted to alanine. We evaluated the transformation efficiency of cell incorporating the hspQ mutant gene by counting the colony formation on the LB plate (Fig. 5B) . Consistent with previous results [28] , the transformation efficiency of dnaA508 cells with the pNKN255 vector bearing the wild-type hspQ gene was reduced to only 4% compared to that with the empty pBR322 vector. On the other hand, plasmid bearing mutations D25A, D27A, W51A, H53A, or Y67A mutants did not particularly reduced the transformation efficiency. The transformation with plasmid bearing the mutations E80A or H65A was severely inhibited, like that with wild-type. It was suggested that Asp25, Asp27, Trp51, His53, and Tyr67 were involved in the HspQ function in vivo.
Discussion
Katayama and coworkers found a novel heat shock protein HspQ, which stimulated the disappearance of DnaA508 mutant protein in E. coli cells, possibly caused by degradation of the variant DnaA508 protein found in the mutant [28] . It was expected that HspQ was a chaperone-protease like ClpXP, ClpAP, and HslVU. However, highly purified HspQ was not able to degrade a number of proteins (e.g., casein, purified N-terminal domain of DnaA and DnaA508, and denatured lysozyme) [28] . In this study, we have solved the crystal structure of HspQ showing similarities to other various other proteins such as the subunit of an enzyme, a DNA-binding protein, and a proteinprotein interaction unit. However, we could not find evidence of similarities with other known proteases.
In this paper, we have revealed the trimeric structure of HspQ in the crystal. The trimer was stabilized by a large and hydrophobic interaction surface. Importantly, a trimeric oligomerization state was conserved in solution as demonstrated by gel chromatography and fluorescence spectrometry. The trimer revealed a highly acidic surface as shown in Fig. 4A . We also had evidence using NMR that HspQ interacted with mouse lysozyme, a basic protein, likely via the highly acidic surface even in the presence of 100 mM NaCl (Fig. S1) . By using alanine mutants, it was found that anionic residues of Asp 25 and Asp27 of HspQ were essential for the transformation efficiency (Fig. 5) . These mutants also showed that these residues were located on the molecular surface of the trimer of HspQ under physiological conditions. Thus, the trimer structure of HspQ was the functional state in E. coli cells. Especially, Asp 25 and Asp 27 were conserved in the YccV superfamily and possibly involved in the interaction with native basic proteins. In eukaryotes, HspQ (YccV) superfamily is conserved as a domain and these proteins have also an acidic character as shown in Fig. 3A . In Arabidopsis thaliana, the YccV domain is conserved in the C-terminal region of ClpF, which was a recruiter of ClpS1 [29] . ClpS1-ClpF mutually stimulated the association of hetero-oligomeric Clp protease in plant chloroplast, resulting in enhancing degradation by Clp protease. Moreover, YccV domain was conserved in F-Box 21, which was used as an adaptor protein to recognize and recruit target proteins in ubiquitin ligases system for proteasome degradation [30, 51] . Therefore, it is likely that YccV domains have a role in the interaction with basic target proteins and in the recruitment of target proteins to a degradation system in the cell. In order to understand the functional role of HspQ on DnaA508, we examined whether domain I of DnaA, in which P28L and/or T80I substitutions are only located in DnaA508, using NMR (Fig. S2) . However, we could obtain only weak evidence of the interaction between DnaA domain I and HspQ under the conditions employed herein. Under these circumstances, we suggest that DnaA domain IV (374-467) might be even a better candidate to interact with HspQ because of its highly basic domain [21] [22] [23] .
A recent paper suggested that HspQ interacted with and was a substrate of AAA+ Lon protease. And, interestingly, HspQ acts as an allosteric enhancer or modulating factor for the degradation of Lon protease by other substrate proteins, i.e., YmoA, RsuA and Fur [31] . They also suggested that the substrate proteins did not interact with HspQ directly. Therefore, we think that the direct interaction between DnaA and HspQ may not be necessary for Lon protease degradation and the expression of HspQ may enhance the Lon protease degradation of DnaA or DnaA508 by an allosteric mechanism. Furthermore, instability of DnaA508 domain I might be involved in the DnaA508 functions (Fig. S3) . The molecular mechanism of DnaA508 degradation enhanced by HspQ will be investigated in the future.
In this discussion, we brought the idea that probably HspQ affected the wild-type DnaA, the replication initiator. Because heat shock proteins mainly contributed to DNA replication at high temperatures, it was suggested that the activity of the mutant DnaA protein was controlled by several heat shock chaperones, DnaK, DnaJ, and GrpE, resulting in significant contributions to DNA synthesis [52] [53] [54] [55] . In addition to that, in Caulobacter crescentus, the wild-type DnaA protein was regulated by Lon protease [56] and even a denatured form of the E. coli wild-type DnaA protein could be affected by several chaperones [56, 57] . Therefore, DnaA protein activity under thermal condition may be controlled by several chaperones, and HspQ may be one of the heat shock chaperones regulating its activity in the E. coli cells.
In conclusion, we have demonstrated that HspQ functions as a trimer in solution, where acidic residues located in the surface of trimer of HspQ may have an important and novel role for its interaction with basic proteins. The dnaA508 cells were transformed with pBR322 or with a pBR322 derivative carrying the wild-type hspQ or mutant genes. Transformed cells were incubated for 24 h at 30°C on LB agar medium containing ampicillin. The relative transformation frequency was calculated as the ratio of the number of colonies produced after transformation with each plasmid. The data are expressed as relative values, with the frequency using pBR322 being 100%. Data are the mean AE SD from three independent experiments. The susceptible amino acids in the transformation frequency experiment are indicated in red on (A).
for specific recognition of the DnaA box. 
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